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Abstract 
This study investigates the effects of asymmetric creep-ageing behaviour on springback of aluminium alloys during creep age 
forming (CAF) process. An Al-Cu-Li alloy, AA2050, which shows an apparent asymmetric tension and compression creep-ageing 
behaviour is used for investigation. Several CAF trial tests to form singly-curved AA2050 plates with different thicknesses (3, 5 
and 8 mm) are carried out with a four point bending setup. Meanwhile, two sets of finite element (FE) models of corresponding 
processes have been developed, in which either the conventional symmetric or the new asymmetric creep-ageing behaviour of the 
alloy was used. The asymmetric models can well predict the shape of formed plates for thicker materials (5 and 8 mm), while 
symmetric models provide over-prediction of final deflections. The results from asymmetric models indicate that more creep strain 
is generated in the tension stressed part of the forming plate than that in the other part with compressive stresses and therefore, 
resulting in an asymmetric distribution of the relaxed stresses through the thickness of the forming plates after creep-ageing. After 
springback, both top and bottom surfaces of the formed plates show significant compressive stresses while tensile residual stresses 
exist in the centre of the formed plates. The work in this study helps to understand the particular springback behaviour of AA2050 
with asymmetric creep-ageing behaviour in CAF, and can be used to guide future industrial applications of the alloy in the CAF 
process. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the International Conference on the Technology 
of Plasticity. 
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1. Introduction 
Creep age forming (CAF) is an advanced forming technology originally proposed to manufacture extra-large panels 
in the aerospace industry, in which creep deformation and age hardening occur simultaneously in the material [1]. The 
third generation Al-Cu-Li alloys which are recently developed for the aerospace industry to obtain the excellent 
strength-ductility performance, are promising to be applied to the CAF process [2]. Recently, asymmetric tension and 
compression creep-ageing behaviour has been observed in an Al-Cu-Li alloy, AA2050, where creep strains generated 
by tensile stresses are about 2-3 times larger than that at the same compressive stress level [3]. Corresponding 
constitutive model has been developed for the particular creep-ageing behaviour [4]. The effect of this asymmetric 
creep-ageing behaviour on springback of the alloy during CAF is of interest and has been investigated in this study. 
During CAF, stresses in the forming plates are only partly relaxed to introduce the plastic creep strain and therefore, 
most of them will be recovered after unloading, resulting in large springback in the formed plates [1]. To improve the 
forming accuracy, many studies have been carried out to investigate the springback properties of aluminium alloys 
during CAF. Currently, the main methods used for springback analysis and prediction are FE models incorporating 
particular material constitutive models [5-7]. However, few studies have been carried out to consider the asymmetric 
creep-ageing behaviour of the alloys in springback analysis of CAF. 
In this study, the effect of asymmetric creep-ageing behaviour of AA2050 on springback of CAF is investigated 
experimentally and numerically. CAF trials were carried out to form singly-curved plates. Corresponding numerical 
models considering either asymmetric or symmetric creep-ageing behaviour of the alloy were also developed, so as to 
analyse the stress, strain and springback behaviour of the forming plate during the CAF process. 
2. Experimental Programme 
The CAF forming trials were carried out in an Instron 5584 machine with a four point bending setup. A furnace 
attached to the Instron machine provided a high temperature environment for the test and the temperature of the testing 
plate was captured by a thermal couple, as shown in Fig. 1(a). The spans of supporting and loading heads were 180 
and 60 mm respectively. The material used was AA2050 with T34 initial temper [3]. Testing plates were machined 
from the centre of a 12.7 mm thick plate along the rolling direction with dimensions of 220 mm in length and 20 mm 
in width. Three different thicknesses (3, 5 and 8 mm) were selected for the tests in this study. The deflections of the 
plates along z direction before and after tests were measured according to the guide lines marked at particular positions 
on the plates (Fig. 1(b)), where di is the initial distortion of the specimens and dΔ represents the final deflections after 
CAF and springback. A local coordinate axis t along the thickness of the testing plate was defined for further analysis, 
as shown in Fig. 1(c). 
 
Fig. 1. (a) Experimental set-up of CAF trial tests, (b) springback measurement of half of the formed plate at each measuring position (d∆, formed 
deflection) and (c) a local coordinate of t through thickness of the forming plate. 
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During the tests, the Instron machine provided a constant load to the plate for 18 hours after the plate was heated 
to 155 ± 3 °C. The applied load was determined by the thickness of the testing plates to achieve the same maximum 
surface stress of about 200 MPa for all 3, 5 and 8 mm plates. The loading forces, initial loading deflections and 
corresponding maximum surface stresses were obtained based on the standard four point bending theory and are listed 
in Table 1. The load was removed after 18 hour’s creep-ageing and the shape of the formed plate was then measured 
according to Fig. 1(b) by a height gauge (accuracy: 0.01 mm) after it was springback and cooled down. 
         Table 1. Details of the CAF forming trials testing conditions (Young’s Modulus E = 62 GPa). 
Plate thickness (mm) Maximum surface stress (MPa) Applied force (N) Initial loading deflection (mm) 
3 200 200.0 5.56 
5 200 555.6 3.33 
8 200 1422.2 2.08 
3. Finite Element Modelling 
Fig. 2 (a) shows the FE model for the CAF trials, built in the commercial software - PAM-STAMP. Both loading 
and supporting heads were simplified as half of rod surfaces with a radius of 6 mm and a length of 40 mm, and were 
defined as the surface tool in PAM-STAMP. The number of rigid shell elements defined in each head was 3040 in the 
model. While the testing plate was defined as the surface blank and the number of deformable shell elements is 1210. 
9 integration points through thickness have been defined in each deformable element to help further analysis. The two 
supporting heads were constrained in all translational (T(x,y,z)) and rotational (R(x,y,z)) directions, while for loading 
heads, only the translation freedom along the z direction was free and loading forces were applied to the model through 
these heads during forming simulation, as shown in Fig. 2(a). The penalty formulation was used as the contact 
algorithm between the specimen and loading/supporting heads and the friction coefficient was given as 0.1 [8]. 
The asymmetric creep-ageing behaviour of AA2050 was modelled with the constitutive model proposed in a recent 
paper [4]. The constitutive model was implemented into PAM-STAMP as a material subroutine “user-defined material 
type 184” [9]. During the simulation of the CAF process, the implicit solver with the option of non-linear geometric 
analysis was used in PAM-STAMP. Meanwhile, another symmetric FE model which treated creep-ageing behaviour 
of the material as symmetric was also built, replacing the asymmetric constitutive model with the tensile creep strain 
behaviour of AA2050 for both tension and compression conditions. Hence, two sets of FE models, asymmetric and 
symmetric models, for all testing conditions were developed to help further analysis.  
The Young’s modulus (E) and Poisson’s ratio (v) of the heads and plates were set as E = 210 GPa, v = 0.33 and E 
= 72 GPa, v = 0.3 respectively. The numerical procedure to simulate corresponding CAF forming trials includes three 
steps: (a) loading, a particular load is applied onto the plate; (b) creep-ageing, the load is kept for 18 h and the material 
subroutine is activated for creep-ageing simulation and (c) springback, unload the plate to finish the simulation. The 
effective stress distribution on the top surface of the 5 mm plate are demonstrated at each step in Figs. 2 (b) to (d). 
 
Fig. 2. Isometric view of (a) the FE model for CAF trial tests (R(x,y,z) and T(x,y,z) represent constraints of rotational and translational freedom 
along x, y and z axis) and effective stress (σe) distribution in upper surface of 5 mm plate after (b) loading, (c) creep-ageing and (d) springback. 
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4. Results and Discussion 
4.1 Shape of the formed plates 
Fig. 3(a) shows the contour of the formed plates with 3, 5 and 8 mm in thickness. The shape of the formed plates 
was measured according to Fig. 1(b) and corresponding results are plotted in Figs. 3 (b) to (d) (symbols). As the plates 
were formed symmetrically along x axis, only half plates are shown. The simulated deflections under corresponding 
forming conditions from both asymmetric and symmetric FE models are also plotted in the figures. For 5 and 8 mm 
plates, the shapes of formed plates from asymmetric models (solid lines) agree well with experiments, while the results 
from symmetric models (dashed lines) show an apparent over-prediction of the final deflection. However, for the 3 
mm plate, both numerical models under-predict the deflection after the CAF trials compared with the experiments 
(Fig. 3(d)). As initial deflections exist in the prepared unformed plates, there should be initial residual stresses 
distributed in the plates. The initial distortions (di) at the centre of the 3, 5 and 8 mm specimens (x = 0) were 
respectively 0.52, 0.16 and 0.04 mm in this study. Much more initial distortion was observed in the 3 mm specimen, 
while little initial distortion was observed for the 5 and 8 mm ones. These initial residual stresses would affect the 
stress distribution after loading, as well as the final generated creep strain during CAF and with thinner material, more 
significant effects on final springback can be expected according to an earlier study [10]. However, these effects have 
not been considered in the current FE models and can be the reason to cause the significant discrepancy for the 3 mm 
plate in Fig. 3(d).  
 
 
 
 
(a)  (b) 
 
(c)  (d) 
Fig. 3. Comparison of (a) contour of formed plates with 3, 5 and 8 mm in thickness and formed deflections along z axis of the plates in experiments 
(symbols), asymmetric (solid lines) and symmetric (dashed lines) numerical models with (b) 8, (c) 5, (d) 3 mm. 
4.2 Creep strain and stress evolution during CAF 
As asymmetric models achieved good prediction for thick plates, numerical data from the model of 5 mm plate 
was selected for further discussion. Fig. 4 shows the creep strain distribution on the top and bottom surfaces of the 
testing plate after loading and CAF from both asymmetric and symmetric models. For symmetric models, similar 
creep strain occurred in both surfaces. In the asymmetric model, similar creep strain distribution was observed in the 
bottom surface of the testing plate where tensile stresses existed, while less creep strain was generated in the 
compression stressed top surface. These creep strain results explain the phenomenon that more deflection would form 
in the symmetric model than that in the asymmetric model under all testing conditions, as shown in Fig. 3. 
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Fig. 4. Comparison of creep strain distributions in the 5 mm plate after loading and after CAF in symmetric and asymmetric models. 
The detailed data of the maximum x directional stress component (σx-max) through the thickness of the 5 mm plate 
after loading, CAF and springback from both FE models were obtained through the 9 integration points defined in 
deformable shell elements and are listed and schematically shown in Table 2 and Fig. 5(a) respectively. After loading, 
stresses distributed linearly along the thickness of the plate with compressive stress in top surface and tensile stress in 
bottom surface in both FE models. After CAF, as creep strain distributed symmetrically through the thickness of the 
forming plate in the symmetric model (Fig. 4), stresses distributed in a symmetric way as well and because creep strain 
evolved exponentially rather than linearly with the stress [1], stress through the thickness of the plate redistributed 
after CAF in order to balance the applied constant load, as shown in Fig. 5(a). However, for the asymmetric model, 
stresses distributed asymmetrically after CAF with a tensile stress in the neutral plane where it was a stress free plane 
after loading. After springback, small residual stresses distributed in a symmetric pattern through thickness of the 
plate with tensile stress in top surface and compressive stress in bottom surface in the symmetric model. While both 
surfaces showed much larger compressive residual stresses after springback in the asymmetric model and tensile 
stresses existed in the neutral plane. Hence, the asymmetric creep behaviour of the material affects not only the final 
shape of the formed plate, but also the final stress distributions in the products after CAF. 
Table 2. σx-max through the thickness (t) of the forming plate (5 mm) at each integration point (IP) after loading, CAF and springback (SP). 
No. of IP 1 2 3 4 5 6 7 8 9 
t value of IP (mm) 2.5 1.88 1.25 0.63 0 -0.63 -1.25 -1.88 -2.5 
𝜎𝜎𝑥𝑥 
(MPa) 
After loading -197.8 -149 -99 -50 0 52 102 152 201.7 
After CAF 
Sym -196.4 -148 -101 -53 0 54 103 151 200.0 
Asym -199.4 -150 -102 -51 10 57 102 148 193.2 
After SP 
Sym 1.4 0 -1 -1 0 2 1 0 -1.1 
Asym -1.3 -2 -3 0 8 5 1 -3 -7.7 
Fig. 5(b) shows the creep strain results generated after CAF through the thickness of the 5 mm plate from the 
symmetric and asymmetric models. In the part where tensile stresses existed, similar creep strain can be observed in 
both models. While in the part where compressive stresses occurred, more apparent creep strain can be observed in 
the symmetric model throughout the top half of plates, which well explains the different final predicted shapes from 
both models in Fig. 3. As threshold stress was defined in the constitutive model used in this study, which is 18 MPa 
for both tension and compression in the symmetric model and 18 MPa for tension and 58 MPa for compression in the 
asymmetric model [4], no creep zone (NCZ) existed in the forming plate where stresses were below the defined 
threshold stress and no creep strains occurred, as shown in Fig. 5 (b). A larger NCZ zone existed in the compression 
stressed side of the plate in the asymmetric model because of the larger threshold stress. Therefore, together with the 
asymmetric creep strain discussed before, these two factors lead to the particular asymmetric stress distribution 
through the thickness of the plate after CAF and springback (Fig. 5(a)). 
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Fig. 5. (a) Schematic showing the stress distribution after loading, CAF and springback (SP) and (b) strain distribution along thickness of the 5 mm 
forming plate after CAF (NCZ denotes no creep zone). 
Conclusions 
A set of CAF trial tests have been carried out to formed singly-curved AA2050 plates with thicknesses of 3, 5 and 
8 mm and corresponding FE models considering either symmetric or asymmetric creep-ageing behaviour of the alloy 
have been built and used to analyse springback of the alloy. The following conclusions can be drawn: 
(1) Asymmetric models achieve good prediction in formed shapes of thick (5 and 8 mm) plates, while symmetric 
models provide over-prediction of the final deflections. For the thin plate (3 mm), both models under-predict the 
deflections, which may result from the initial residual stresses in plates which have not been considered in this study. 
(2) The asymmetric creep strains generated by tensile and compressive stresses in the forming plates, together with 
the asymmetric no creep zone during CAF were the main reasons for the lower predicted value for the formed 
deflection from asymmetric model than that from symmetric one. 
(3) Asymmetric stress distributions were also observed through the thickness of the forming plate because of the 
asymmetric creep-ageing behaviour of the alloy. After springback, compressive stresses existed in both top and bottom 
surfaces of the formed plate, while tensile stresses were generated in the centre of the formed plate. 
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